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Abstract—The utilization of a supercapacitor energy stor-
age system (ESS) to store regenerative braking energy in
urban rail transit can achieve an energy-saving effect. This
paper proposes a brake voltage following energy manage-
ment strategy of ESS to adjust the charging and discharging
threshold voltage based on the analysis of train operation
states. The energy storage device state of charge is consid-
ered to realize the maximum usage of the ESS. First of all,
the mathematical model of the dc traction power system,
which encompasses the train, ESS, and traction substation,
is established. Then, the energy allocation influence factors
are analyzed, in particular for the double train structure.
Second, under the different conditions, with the real-time
monitoring of the traction network voltage and the train sta-
tus, an energy management state machine is determined.
Meanwhile, a set of effective state switching schemes is
given to achieve the transformation of the energy manage-
ment states. In the end, both the simulations using actual
line data and main track field experiments prove the ratio-
nality and validity of the proposed management strategy.

Index Terms—Control strategy, energy storage device
(ESD), urban rail transit.

NOMENCLATURE
Usgs Substation voltage.
Upe No-load voltage of traction power network.
Utm Traction train voltage.

Ut Braking train voltage.

Utma Traction train terminal voltage.
Utha Braking train terminal voltage.
Upy Braking resistor initiated voltage.
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Uesd Energy storage device (ESD) voltage.
Uch ESD charging threshold voltage.
uemg  ESD charging instruction voltage.
U ge Supercapacitor (SC) voltage.
Tss Substation current.
Tm Traction train current.
ith Braking train current.
Tgr Braking train regenerative current.
by Braking resistor current.
ek One of the network current.
Temd ESD charging instruction current.
ch ESD current.
Uss Substation equivalent admittance.
in Train equivalent internal admittance.
Yul Uplink line admittance at the left of a train.
Yur Uplink line admittance at the right of a train.
Ydl Downlink line admittance at the left of a train.
Ydr Downlink line admittance at the right of a train.
T'ss Substation equivalent internal resistance.
Ty Train equivalent internal resistance.
Ty Distance between braking train and ESD.
Pn Unit line impedance.
ls Distance between two adjacent substations.
Dtm Traction train power.
Dib Braking train power.
Pesd ESD power.
Dss Traction substation power.
Dbr Braking resistor absorbing power.
Ey._gis SC-ESD discharging energy.
Es.cn SC-ESD charging energy.
FEgp  Traction substation supplied energy.
FEa Total traction energy.
n Energy conservation rate.

[. INTRODUCTION

ITH the continuous development of society in China, the

Chinese urban rail transit system has expanded rapidly.
However, this system consumes a tremendous amount of energy.
Therefore, it is of practical significance to research energy con-
servation. Considerable amounts of energy can be saved in the
urban rail transit system with the application of a supercapacitor
(SC) energy storage system (ESS) [1].
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Due to the fact that on-board storage increases the weight
and space of a vehicle, ground storage is widely used. SC, as an
emerging energy storage element with a high power density, a
long cycle life period, and a wide temperature range, has become
the most suitable storage component paired with the operation
characteristics of an urban rail transit [2]-[4].

For the control aspect of ESS converters, a bidirectional dc/dc
converter is used to control the energy flow [5]-[8]. In order to
realize rapid and stable control, the double loop control strategy
of the voltage outer loop and current inner loop with PI regula-
tors is widely used in the control of energy storage converters,
due to its ease of parameter tuning [9]-[12].

The charging and discharging control strategies, which are
based on a traction network voltage control ESD, are widely
applied [12], [13]. The main concept involves how to set the
appropriate threshold [14], [15]. Based on a variety of optimiza-
tion goals, several improved energy management strategies have
been previously proposed. One of them is a strategy that consid-
ers the minimum energy consumption, in which the functions of
ESD and train operation curve were established, and the strategy
was optimized by the sequential quadratic programming [16].
In many studies, the traction network voltage is considered to be
the controlled object, while the energy consumption is reduced
with the decrease in the dc line loss by reducing the RMS value
of the output current of the ESS [17], [18]. While considering
the continuous distribution impedance of the traction power
supply network, the network voltage in different train positions
was analyzed [19], [20]. In order to precisely control the SC
state of charge (SOC), a three-loop control strategy, based on the
typical double loop control strategy, was improved, in which the
feasibility of the voltage loop was nested in the traction network
voltage loop, and the SC current loop was analyzed to realize
accurate control of the SC-ESS voltage and SOC [13], [21].

However, at present some deficiencies remain in the research
regarding the energy management strategy of the ground SC-
ESS. It is necessary to consider the regenerative braking energy
transferred between trains and to further distribute the remaining
energy between the ESD and train brake resistor. In order to
successfully perform the energy flow analysis among traction
substations, trains, and ESDs, as well as to achieve the maximum
usage of regenerative braking energy, this paper proposes a
control strategy for ESDs, based on the consideration of train
operation states.

This work is organized as follows: In Section II, a mathe-
matical model of the traction power supply system considering
ESS is established, which, based on the double train opera-
tion structure, is used to analyze the energy distribution. In
Section III, a brake voltage following energy management
strategy considering the train operation state is proposed. In
Section IV, a simulation with the actual data of the Beijing
Batong Subway Line is used to validate the control strategy. In
Section V, the results of main track field experiments are shown.
Finally in Section VI, a summary is given.

[I. POWER FLOW OF ESS
A. Traction Power Supply System Equivalent Model

The dc power supply network of an urban rail transit and its
energy flow are shown in Fig. | [1], [22]. The ESS is installed
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Fig. 1.

Traction

Down line

Structural diagram of a dc traction power system.

Fig. 2.

System structure diagram of a double-train operation.

in the traction substation, paralleling the dc bus [23], [24]. The
traction train would gain the powering energy from substations,
regenerative braking energy of the near trains, and the ESS. The
regenerative braking energy can be restored in the ESS and can
be used for the next energy requirement.

In order to analyze the power distribution in the traction net-
work, an equivalent model is established including the traction
and braking trains, as shown in Fig. 2, in which the application
of an ESD is considered. When the line loss is slightly compared
with the train operation power, the substations and ESDs on both
sides can be equivalent to 1 for the entire traction power supply
network. In this paper, the equivalent model assumes that there
is one substation on the left side, one ESD on the right side, and
the traction train and braking train are located between the two.
The substation is described as the Thevenin equivalent model
and is represented by an equivalent internal resistance and an
ideal voltage source in series. The braking train contains the
brake resistor paralleled with the equivalent power source of the
train [25]-[27].

In the model, the traction substation, ESD, and braking resis-
tor are connected in series with a diode, respectively, and each
diode has two states, i.e., shutting off and conducting, repre-
sented as “0” and “1”, respectively; thus, the topology of the
model includes eight states, from “0” to “7”, with binary en-
coding. In graphics, the lowest common node can be considered
as a reference node, and then the circuits, respectively, between
the (a)—(d), nodes and the reference node can be seen as an
independent branch.

For the system, the braking train branch is considered
as a whole, while the braking resistor is an internal part.
Therefore, first the node voltage equations of the equiva-
lent operation system are set up as (1)—(4), respectively,
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TABLE |
EIGHT STATES OF DOUBLE TRAINS OPERATION MODEL

States Substation ESD  Brake resistor Node voltage equations
0 0 0 0 -

1 0 0 1 (5),(2),(3), (6)
2 0 1 0 ONCNEINC)
3 0 1 1 (5),2).03),®
4 1 0 0 1), (2), 3), (6)
5 1 0 1 1, (2),(3),(©6)
6 1 1 0 (1), (2),3), @
7 1 1 1 1), (2),3). #
Branch current ) (10) (11) —
equations

shown below, corresponding to each branch with nodes (a)—(d):

Uss (Yss + Yai + Yu1) — Utma¥al — UtbaYul — UocYss = 0 (1)
Uma (Y + Yai + Yar) — UssYdl — UesaYar — Um¥Yt = 0 (2)
Utba (Yal + Yur + Y1) — UssYul — UYesdYur — Uyt =0 (3)
Uesd (Yur + Yar) — UtbaYur — UimaYar + Geh = 0. 4)

With the three diodes considered, the voltage equations of
nodes (a) and (d) are diverse with different diode states. Thus,
with i = (Uee — Uss)yss = 0 shown in (5), and with i, = 0,
which is set as follows:

Usgg (ydl + yul) — Utmaldl — Utbalul = 0 (5)
Uesd(yur + ydr) — UtbaYur — UtmaYdar = 0. (6)

Therefore, (1), (4), (5), and (6), respectively, display condi-
tions with igs # 0, ich # 0, iis = 0, and i¢p, = 0.

Second, the current inside the branches will be further an-
alyzed. The train power and current expressions are shown,
respectively, in the following equations:

Ptm = Utm itm
{ (7

Dib = Utbltb

Iy = igr + Ty

lm = (utma - ulm)yt (8)
igr = (Utb - Utba)yt~

The different conditions of diode conduction and turn-off, in
which the rectifier units, ESD, and brake resistor, respectively,
meet constraints are shown as follows:

lgs = (Uoc - Uss)yss )
Teh = (utba - uch)yur + (utma - uch)ydr (10)
e = it — (Utp — Utba) Yt (11)

With the binary coding, Table I shows the eight states cor-
responding to Fig. 2, and it also shows the branch current and
node voltage constraint equations corresponding to each state.
The code “1” means that the device on this branch is in the
conduction state, satisfying the branch current equation sepa-
rately as shown in (9)—(11), respectively, and corresponds to the
substation, ESD, and brake resistor in an operative mode. Ac-

cordingly, the “0” code means that the device on this branch is
OFF, and the current of this branch does not need to be calculated.

Under the observation of eight states, the braking resistor op-
erates to consume the brake energy in states 1, 3, 5, and 7, which
is not energy efficient, and should be avoided. States 2 and 4 are
reasonable states, where the tractor power py, is less or greater
than the braking power py,, and the remaining braking power is
absorbed by the ESD or excess part is supplied by the substation.
State 6 is similar to state 5, where the remaining regenerative
energy is restored in the ESD, while there is different energy
saving effects.

Take state 1 as an example, only the resistor is valid with
iss = 0 as shown in (5), and 7., = 0 as shown in (6). The node
voltage equations of nodes (b) and (c) are immobile as shown
in (2) and (3). Meanwhile, the branch with resistor meet the
current (11). Therefore, the voltage and current of different
branches would be obtained.

The brake resistor, station, and ESD are placed in and corre-
spond to varied power statuses of the different branches which
the components are located in. Similarly, we can determine the
analytical equations of the traction network in different states,
by combining node voltage equations with different boundary
conditions in various states, as displayed in Table I. Then, the
energy flow in different system states can be analyzed.

B. Position Effect on Energy Distribution

According to the equations analyzed above in Section II-A,
the relationship between py, varying from 0 to 2 MW and py,
changing from 0 to 4 MW can be solved. The brake resistor
initiated voltage uy, is 920 V assuming that the charging thresh-
old voltages u., are fixed as 872, 908 and 920 V, respectively,
which are in the range between the no-load voltage 860 V and
the braking resistor initial voltage 920 V. When the braking train
is close to the ESD, x, shown in Fig. 2,1s 0.1 km, and the results
are shown in Fig. 3(a)—(c), while in Fig. 3(d), (e), and (f), z; =
1.9 km, and the states are shown in Fig. 3.

From Fig. 3, when the braking train is close to the ESD,
under the condition that ug, is 872V, i.e. close to the ., then
the working states are only 2, 4, and 6. Too low voltage of ESD
affects the power transmission between two trains. When the
uen 18 908 V, i.e., close to the wuy,, the working states of 1, 3, and
5 appear, and the brake resistor is activated, as the high level of
charging voltage would boost the braking train voltage. When
Ucp rises up to 920 V, the working states of the system are 1, 4,
and 5, in which the high u., will result in the initiation of the
braking resistor consuming energy.

In order to make use of regenerative braking energy as
much as possible, the energy interaction between multiple trains
should be improved. The state of “6” with substation supplies
energy to ESD needed to be avoided. Thus, a low charging
threshold voltage of ESD can absorb the most interaction en-
ergy between trains. The threshold should be adjusted higher,
but also avoid the starting of braking resistor.

In the condition when the braking train is located far away
from the ESD, comparing with the short distance condition,
state 3 appears instead of state 6. Thus, the rectifier unit does



6754

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 65, NO. 8, AUGUST 2018

Py, (MW)

w

Py, (MW)
(b)

Py, (MW)

w

Dy (MW)
N

0 0.5 1 15 2 0 0.5 1 1.5 2
Py, (MW) Py, (MW)

© ®

Fig. 3. Power distribution with different positions. (a) ug, = 872V,
(b) uch =908V, (c) ugnh =920V, (d) ucy, =872V, (e) uc, =908V,
and (f) ugp = 920 V.

not provide power to the ESD. However, it is not energy conser-
vation but energy consumption in the brake resistor. On the high
ucp condition, even in the case of high braking energy, the major
area is occupied by state 4, and the regenerative braking energy
is not fully utilized. Just like the short distance condition, the
Uch 1S t0o high to store the charged energy into the ESD.
Therefore, the short distance between braking train and the
ESD would be satisfied for the ESD to realize the usage of
remaining regenerative braking energy. In the next section, the
effluence of charging threshold would be further studied.

C. Charging Threshold Voltage Effect on
Energy Distribution

Based on the analysis in Section II-B, taking the braking train
close to the ESD as the model, z; = 0.1 km and u, with 872
and 908 V are taken into account.

Fig. 4(a)—(c) falls under u., = 872V, and pcsy is the power
sum of ESD and substation; the conditions under the threshold
of ucy, = 908 V are shown in Fig. 4(d)—(f). Each line in the
graph is a power contour line. The pyp = 1.8 MW is taken
as an example and as an axis. Looking from the bottom, the
corresponding power of the substation, ESD, and brake resistor
can be obtained at the different py,, power levels. The values of
which are marked with tab “x” in the graphs.

g g
= =3
£ £
Q Q
g g
€ b1
£ £
(=¥ (=¥
Py, (MW)
(e
g g
£ 3
£ £
a a
0 05 1 1.5 2
Py, (MW)
(©
Fig. 4. Power distribution with different charging threshold. (a)

Pesa(MW), (b) Pss(MW), (¢) Pesm(MW), (d) Pesa(MW), (e) Pss(MW),
and (f) Py (MW).

When the u, is as low as 872 V, as shown in Fig. 3, the
working states are 2, 4, and 6. Then, the 0.5, 1.6, and 3.2 MW
of traction power are selected separately in the three states.

When the py, = 0.5 MW, the traction power is very small,
and the ESD voltage will be stable at 872 V, after which all
the traction power 0.5 MW is derived from the braking train.
The remaining energy 1.23 MW is charged into ESD. This is
the typical state of the system under state 2. With the increase
in the traction power, when pyy, raises up to 1.6 MW, the g
remains at 872 V. However, when the system is in state 6, the
substation should provide power to the traction train. In fact,
only a part of the traction power is supplied by the braking train,
while the others are derived from the substation, and remaining
regenerative braking power is absorbed by the ESD. Thus, there
is an unexpected circulation between the substation and ESD.
The reason for this phenomenon is that the traction power is
relatively large, and the terminal voltage of the traction train is
pulled down, which make the substation to start its operation.
When the traction power continues to rise up to 3.2 MW, the
braking energy is insufficient to provide energy, and the substa-
tion supplies the energy in state 4.

When the wuc, is higher, reaching 908 V, the high voltage
initiates the operation of the brake resistor to consume energy.
Same as low charge voltage situation, the substation supplies
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Fig. 5. State range dot matrix with three regions.

power with the large traction power. Assuming that the traction
power is 0.5 MW in state 3 and 1 MW in state 1, in addition to
charging the ESD, the remaining regenerative braking energy
will be consumed by the braking resistor.

By the horizontal contrasting, under the high charging volt-
age, even with the small value of traction power, the brake
resistor consumed energy.

Therefore, the operation states of the double train system are
not only related to the traction and braking power of the two
trains, but also to the charging threshold voltage u.y, of the ESD.
Based on the above analysis, the state range dot matrix of the
three variables is plotted as a cube as shown in Fig. 5. The
substation no-load voltage is 860 V and the braking resistor
initial voltage is 920 V. The diagram is composed of many
coordinate dots. The charging threshold voltage, traction power,
and braking power make up a cube space of dot matrix.

Only at certain traction or braking power, and when the .
varies in a proper value, the system can work in the appropriate
states 2 or 4. Actually, in transformation, there are different
states at any time in variety power and threshold voltage. In
state 1, 3, 5, and 7, the brake resistor is activated. The control
strategy proposed in this paper hopes to make the system work
in the state 2 or 4 as much as possible. Thus, the whole cube is
divided into three parts.

In summary, the impact of u, on the traction power supply
system is as follows:

1) ucn affects the power transferred from the brake to the
tractor when vy, is low, thereby causing the braking power
to be absorbed by the ESD. From another perspective,
the extra power absorbed by the ESD is derived from
the substation, which is equivalent to the formation of
the circulation between the rectifier unit and ESDs, and
will increase the workload of the SC-ESD with a limited
capacity.

2) ucn and py, are excessively high, and thus, the u,, affects
the charging power of the ESD, and part or even all of
the remaining energy which should be filled by the ESD

(a)

+

uch +
+

g +

(b)

+ &/icm G \L SM.

ldown

© |, iy d,
! pcioe | d

Fig. 6. Brake voltage following charging control strategy. (a) Brake
voltage following charging control strategy module, (b) double closed-
loop control of ESS module, and (c) hardware in loop control module.

is consumed by the braking resistor. This weakens the
energy saving effect, and results in waste of energy.

3) The appropriate u., will allow the system to operate in a
state in which the rectifier or ESD works alone. However,
the optimal uy, is not fixed, and will vary with the network
and train states. In order to guarantee the system operation
in an optimal state, it is necessary to design the u., based
on the train status, so as to allow the system to operate in
the best state in real time.

[ll. PROPOSED CONTROL STRATEGY
A. Brake Voltage Following Control Strategy

Based on the previous sections of the train operation states
analysis, the ESD charge threshold voltage u, should be dy-
namically adjusted according to the train operation states in
order to allow the traction power supply system to work in the
most energy saving manner in states 2 or 4.

uch should be adjusted to make the brake train voltage u,
slightly smaller and close to the brake resistor initiated voltage
Upr, SO that the train braking resistor is not activated. Fig. 2 also
shows a schematic diagram of the system with the braking train.
The z is the distance between the braking train and the ESD, and
iy 18 its corresponding current. This is one of the four currents
connected to the ESD, while the control of the ESD is u¢ma(k),
as the instruction voltage shows in (12), shown below, and iy,
can be measured by the current sensor on the traction substation
feeder. x can be obtained from the train control signal

ucmd(k) = Ubr — (itb(k)rt + irkxl(k)pn) :

The control block diagram of the ESD based on the train
states is shown in Fig. 6. The control block can be divided into
three parts, which, from top to bottom, are the proposed brake
voltage following control strategy module, double closed-loop,
and hardware in loop control module.

In the proposed brake voltage following the charging control
strategy module, the part in the dashed frame exactly matches
(12), and u.mg must be filtered by a low-pass filter to avoid the
influence of the converter control loop. The filter can be a first-
order low-pass filter, among them, and the 71, is a time constant.
Meanwhile, the optimal charging voltage with the mean value of

(12)
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four control voltages corresponding to the braking trains, which
exist on the four branches connecting to the ESD, is calculated
by the following:

1o 1
C e CIM k .
e 4 1; |:Tlpu$ + 1“ d( ):|

Aiming at the energy management research of the ESD, the
classical energy management strategy is the double loop control
strategy. Based on it, the proposed braking voltage following
method is combined to realize the energy management consid-
ering the train operation conditions. The double loop control
strategy realizes the voltage outer loop and current inner loop
control, and both internal and external loops adopt the PI reg-
ulator. Gy, is the regulator of the voltage outer loop. Through
the current amplitude limiting with the upper and lower value
of 4yp and Zgown, the ESD command current 4¢pmq is obtained. Gic
is an internal current regulator with the same amplitude limiting
range of 0-1.

In the hardware-in-loop control module, SM 1 and SM?2 are
the pulse select switches, respectively, and obtain the duty cycle
signal from internal current regulator. Then, PWM1 and PWM2
generate control pulses to, respectively, turn ON and OFF the
upper and lower arm IGBT of the dc/dc converter.

In order to verify the proposed control strategy, (12) is sub-
stituted into the equations of the eight states in the Section II.
The influences of train location and ESD threshold voltage on
the system energy distribution are analyzed. Thus, the proposed
control strategy is used to simulate the states at different loca-
tions. The states, respectively, corresponding to the x; of 0.1,
0.46, 0.82, 1.18, 1.54, and 1.9 km conditions are counted. In the
former three positions, the states are 2, 4, and 6. However, in
the latter three positions, states are 2 and 4.

It can be clearly seen that most states of the system are states
2 and 4. In the data statistic process, only when the train is close
to the ESD, and in the vicinity of (pu, pw) ~ (1.75, 1.85) MW
will there be a small area of state 6. In others, the brake resistors
are no longer activated. Therefore, the system can always be in
the best state after using the brake voltage following strategy.

Taking one of them as an example for further analysis. When
¢ = 0.46 km, the voltage and power contours are shown in
Fig. 7. In Fig. 7(a), the ug, can always be maintained under or
at uy,, and the energy can be transmitted to the traction train. In
Fig. 7(b), the uegq is higher when the py, and py, are very small,
and gradually reduced to u, with the increase in py, and py.
From Fig. 7(c) and (d), which are fixed with a vertical axis, the
Pesd 18 first gradually decreased to 0, and then, the pg rises with
the increase in the py, because the high traction power pulls
down the traction train terminal voltage.

13)

B. Energy Management Policy State Machine

In the ESD working process, in addition to monitoring the
traction network voltage and train states in real time, it is neces-
sary to give an effective set of state switching schemes. There-
fore, the flow chart of energy management state machine is
given, as shown in Fig. 8, where g 10w and Ugc nign directly
reflect the lowest and highest SOC of the SC.

g g
£ £
& &

Py, (MW) Py, (MW)
g g
= =3
& &

0 05 1 1.5 2
Py, (MW) Py, (MW)
(b) (d)
Fig. 7. Power distribution in zy = 0.46 km. (a) Uy (V), (b) Uesq (V),

(€) Pss (MW), and (d) Pesg (MW).

Su Standby state Uy, > u,

sc,low

u<C

Charge command=0;
Discharge command=0;

U, >U,

Discharging state osd chth Charging state
Charge command=0; U =u Iss >0 Charge command=1;
Discharge command=1; ds — s Discharge command=0;
Low-charge hold state
Uge <Ug 1oy & Uyg > Uy,

Charge command=0;
Discharge command=0;
uds = uss
High-charge hold state
i,>0 Use > Use high
S5 Charge command=0: < e
Discharge command=0;

Fig. 8. Flow chart of energy management state machine.

As the system is initiated, it goes into the standby mode
when charging and discharging are not allowed. Due to the
low voltage of the SC, the system waits for the train to brake,
and the ESD is charged. The condition of jumping out of the
standby is as follows: ESD voltage is larger than the ESD
charge instruction voltage, i.e., Uesq > Uch. After jumping out of
the standby mode, the system operates in the charging state. The
charging instruction is set to “1.” There are two conditions when
out of charging, the first being when substation current 4ss > 0
and, then, the system directly jumps to the discharging state. In
the beginning of the discharging process, it is an assignment of
the discharging threshold voltage that makes ugs equal to ugs.
The discharging voltage is approximately same as the substa-
tion no-load voltage can realize the maximum discharge power
of ESS. The second is when the SC voltage is higher than the
maximum voltage value of SC, i.e., usc > Usc nign, that is, the
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TABLE Il
PARAMETERS OF POWER SUPPLY SYSTEM

Parameters Value Parameters Value
Uoe 860 V Pn 0.016 2/km
ls 2 km Upy 920 V
Tt 0.015 O T'ss 0.0161 Q
60 2
50 F|——t2
40 !
= s
e 2,
= [
- 20 g
o
10 A
0 Py
—py
-10 2
0 20 40 60 8 100 0 20 40 60 8 100
Time (s) Time (s)
(a) (b)
Fig. 9. Trains velocity and power curve of traction and brake conditions
staggered.

SC has reached its maximum storage capacity, and the system
enters the hold state.

In the discharging state, the charging instruction is “0” and
the discharge instruction is set to “1.” The discharge state is
similar to the charge state, namely there are two jump condi-
tions. Actually, the whole research contains a complete set of
charging and discharging conversion process, however, due to
space limitation, this paper focuses on the introduction of the
charging process control strategy.

In the two hold states, the instructions of both are “0”” and only
have one jump out condition. The advantage of using this energy
management strategy is preventing the system from generating
state oscillations in the case of filling or emptying.

IV. SIMULATION VERIFICATION

The present paper builds a traction supply system model in
MATLAB/Simulink to verify the proposed braking voltage fol-
lowing control strategy. The SC capacity is configured as 294 F
with the rated voltage of 750 V, based on the Beijing Subway
Batong Line parameters of the traction power supply system for
quantitative analysis, as shown in Table II.

Now, two extreme states are used to validate the proposed
strategy. One is in a low charging threshold voltage, it is likely
that substation will supply power to ESD; another is in a high
charging threshold voltage and brake resistor is easy to be ac-
tivated. Fig. 9 displays the velocity and power curve of online
trains. In this part, subscript “t1”” means the first train, and “t2”
is the second train.

In the first condition, the No. 2 train begins to undergo trac-
tion and move away from the ESD, while the No. 1 train brakes
closely to it. When u., = 865 V, the overlapping of traction
and brake conditions are shown in Fig. 10(a). In the charging
process, the uesq remains at 865 V, and at 73.3 s, the u;; reaches
a maximum voltage of 896 V. In Fig. 10(b), the ESD and substa-
tion both discharge with a large traction power. However, in the
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Fig. 10.  Simulation results when ug, = 865 V.
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Fig. 11.  Simulation results of brake voltage following control with short
distance.

period of 73.4-82 s, a state of pesg > 0, pss > 0 sustains. This
is not expected that the virtual energy circulation between the
substation and ESD occurs. During this time, the ug is charged
from 375 to 404 V.

Under the proposed control strategy, the results with the same
train conditions are shown in Fig. 11. In Fig. 10(c), ucy is dy-
namically adjusted, allowing u; to rise up and maintain a close
distance to up,. In Fig. 10(b), it is shown that the ESD charges
while the rectifier unit is in the powering state. In Fig. 10(d),
ug. changes from 375 to 380 V during 73.4-82 s. There is no
undesired circulation between ESD and substation generated.

In another case, the brake train is far away from the ESD,
the velocity and power curve of two trains are also shown as
Fig. 9, but the No. 2 train is delayed, as shown in Fig. 12(a).
Under the fixed charge threshold voltage, Fig. 12(a)—(d) shows
the operation result when ue, = 910 V. In Fig. 12(a), due to the
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high braking power, u; exceeds uy, and the braking resistor is
activated; in Fig. 12(b), the remaining energy is charged to the
ESD; and in Fig. 12(d), ug. rises to 459 V.

In contrast, the result with the proposed strategy is shown in
Fig. 13. ug; can be maintained at uy,. At the same time, the py,
has been fixed at 0, so that all energy is stored by the ESD. The
maximum voltage of the SC is charged to 555 V to realize the
maximum usage of ESD and inhibits the initiation of the brake
resistor.

V. MAIN TRACK EXPERIMENTAL VALIDATION

In order to prove the correctness of the proposed control
strategy, a 1-MW SC-ESS is used, and the field test is divided
into the Double Trains Experiment and Normal Operation Ex-
periment on the Beijing Subway Batong Line. The experiment
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Fig. 15.  Photos of the 1-MW ESD installed in LIYUAN substation.
TABLE IlI
PARAMETERS OF BATONG LINE TRAIN

parameters value parameters value
train formation 3M3T maximum acceleration 1 m/s?
overload condition 3129t  maximum deceleration 1 m/s?
motor rated power 180 kW~ maximum limit speed 80 km/h
inverter efficiency 0.93 motor efficiency 0.915
load power factor 0.85 gear efficiency 0.975

field is shown in the dashed frame of Fig. 14 with the average
distance between two stations of around 1807.4 m, and ESD is
installed in LIYUAN substation, in which the ESS is composed
of a number of cabinets, as shown in Fig. 15. Train parame-
ters are shown in Table III. The train is a B-type vehicle with
160 KVA of auxiliary capacity, and the rated voltage of dc trac-
tion power supply network is 750 V.

The SC cabinet is equipped with the 48 V/165 F SC mod-
ule produced by Maxwell. The modules are connected with
2.7 V/3000 F monomers in 14 series and 10 parallels. The max-
imum storage energy is 7.4 kWh and can reach 1.34 MW under
the rated voltage. The total capacity of ESD is 117.8 F with
8.82 m{? of internal resistance. The rated voltage and current of
ESD are 672 V and 2000 A, respectively.

A. Double Trains Experiment

In order to not affect the normal operation, the experiment
with double trains is first carried on at night. There is respectively
one train in the uplink and downlink lines.
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Fig. 16. Schematic diagram of double trains experiment. (a) Under
proposed control strategy. (b) Under fixed charge threshold voltage of
uch = 900 V.

TABLE IV
ENERGY CONSUMPTION STATISTICS OF DOUBLE TRAIN EXPERIMENT

groups  Fg. 4is Escen Esup Etra n (%)
&Wh)  kWh) (kW) (kWh)
1 1.73 4.5 22.1 23.83 7.30
2 3.98 4.44 29.31 33.29 12
3 4 3.45 12.67 16.67 24.00
4 4.32 3.89 16.67 20.99 21
5 3.6 4.55 13.85 17.45 20.60
6 4.14 3.88 15.07 19.21 21.60

The train ran under the same conditions for the same interval.
The first two groups in the experiment used the original fixed
threshold control strategy, while the proposed control strategy
was tested in the latter four groups. The special train interval
and a braking situation are deliberately chosen for comparative
analysis which are shown in Fig. 16. It can be seen that most
of the remaining braking energy is stored in ESD. The E. .y, is
1.83 kWhin Fig. 16(a), while the energy is 1.51 kWh under the
fixed threshold voltage of 900 V in Fig. 16(b). With the proposed
control strategy, the SC will be charged to 416 V, and the single
charging energy will be increased by 21.12%. Comparing with
the fixed threshold condition, the reused braking energy is less,
and it still can see the obvious energy saving effect from the
power waveforms.

In the different experiment groups, the values are respectively
counted in Table IV, n is defined as the ratio of . _qis to Egy,-

Under different operating conditions, the charging and dis-
charging thresholds of the ESD are controlled with the proposed
control strategy. The SC ESS plays a major role in the energy
saving process, with an average energy conservation rate of
21.7%.

B. Normal Operation Experiment

During the daytime normal operation experiment, the ESD is
put into operation throughout the entire day. The waveforms of
the ESD between 1-2000 s are shown in Fig. 17. Among them,
Fig. 17(a) and (b) uses the fixed threshold control strategy, and
Fig. 17(c) uses the proposed control strategy. From the above,
the traction network voltage, the inductor current, and the SC
voltage are shown in turn, where the inductor current is the single
bridge arm inductor current of converter connected between the
ESS and substation. Actually, the 1-MW ESS is made with the
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Fig. 17.  Normal operation experiment waveforms of the ESD between

1-2000 s. (a) Worse charging condition with high .. (b) Worse dis-
charging condition with low u4;s. (¢) A good waveform diagram under
the proposed control strategy.

TABLE V
ENERGY SAVING STATISTICS OF A NORMAL OPERATION TEST

groups B gis kWh) By, (kWh) 1 (%)
1 1095.44 8480.37 12.9%
2 1062.25 7538.55 14.1%
3 1016.2 8213.36 12.4%
4 1096.6 7582.07 14.5%
5 1045.19 8307.33 12.6%
6 1101.84 8053.54 13.7%
7 1275.02 8791.2 14.5%

same two devices with one converter cabinet and one SC cabinet,
which is good for the installation and control, and each converter
contains four bridge arms. Thus, the current of the 1-MW ESS
is eight times that of the single bridge arm inductor current. As
itis shown, the ESS voltage curve of the red line directly reflects
the stored maximum and minimum energy range of SC, and the
middle black straight line points to every switch point in the
process of charging and discharging.

uge range is 300-600 V. In Fig. 17(a), ue is 862 V, charging
voltage uc, is 894 V, and discharging voltage ugis is 860 V.
Due to the fact that the wuy is excessively high, the energy is
always consumed by the braking resistor, while the average
uge 18 384.5 V, and the Ey. .y, is only 65.1 kWh, with a poor
energy recovery effect. In Fig. 17(b), uq rises up to 871 V, while
the differential voltage of wgj, and u,. increases, thus the ESD
discharge power ratio decreases, resulting in the SC operating
at a high voltage level. At the same time, due to the high SOC of
the SC in the train braking process, it also cannot be effectively
filled into; thus, the Ej, .y, is only 58.5 kWh, and the SC average
voltage is 554.7 V. In Fig. 17(c), the issue of energy management
strategy in Fig. 17(a) and (b) can be resolved, as the ESD can
effectively absorb or release the regenerative braking energy.
The average us. is 469.6 V, while Fy. ., is 129.0 kWh; thus, the
FEs. o1, 1s much greater and about twice as large as the energy in
both Fig. 17(a) and (b). It also can be seen from Fig. 17(c) that
the SC charges and discharges in a stable manner. Under the
proposed control strategy, the charging and discharging cycle
waveforms are evenly distributed up and down the horizontal
straight line, which means that the capacity of the ESD can be
fully utilized to achieve a good charging and discharging control.
In addition, energy management state machine can operate in a
very ideal state, which reflects the effectiveness and stability of
the proposed energy management strategy.
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After a period of normal operation, the statistic energy re-
sults are given in Table V. During this period of time, at least
1016 kWh can be saved per day, and the average 7 is 13.5%. It
can be seen that the application of SC-ESD may help in achiev-
ing a significant energy-saving effect.

VI. CONCLUSION

In this paper, the energy distribution of urban rail transit was
analyzed by means of a dc traction power system model, which
includes the substation, train, brake resistor, and ESS. By per-
forming a mathematical analysis of various states, the influence
factors of energy distribution were studied, and the energy man-
agement strategy considering different conditions was proposed.
By adjusting the charging and discharging thresholds, the maxi-
mum usage of energy storage devices was realized. Meanwhile,
the proposed state switching system was able to achieve smooth
alteration between different management statuses. Based on the
actual operation data of the Beijing Batong Subway Line, a sim-
ulation and field experiments were carried out. In the case stud-
ies, by using the proposed energy management strategy, the av-
erage energy conservation in the night double trains experiment
reached as high as 21.7%. In the normal operation experiment,
the daily energy saving was at least 1016 kWh, while the average
energy conservation was 13.5%. It is thus proven that the energy
management strategy of this paper can make full use of the SC
ESS, and thereby achieve a significant energy-saving effect.
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